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Abstract

In order for light metals to meet the demands for critical
applications in the automotive and aerospace industries,
tight control over the composition and cleanliness of the
metal must be achieved before casting. Melt cleanliness
manifests primarily in the amount of inclusions present. A
review of the state of the art in detecting and quantifying
solid particle inclusions is given. Quick analysis of melt
composition and quality, carried out in situ, is of great

value in casting operations. Such quick measurements in
the liquid alleviate analyzing samples in the solid state and
thus increase productivity. The use of laser-induced
breakdown spectroscopy as a new tool for quantifying melt
cleanliness in situ is discussed.
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Introduction

Light metals, aluminum and its alloys in particular, have
been the source of significant interest as materials for
structural applications for the automotive, aerospace, and
defense industries. The appeal of aluminum comes from its
high specific strength, thermal conductivity, and corrosion
resistance, which translate to reduction in vehicle weight
and fuel consumption."? In order for light metals to con-
tinue to replace ferrous metals for such applications, proper
preparation of the molten alloy prior to casting or extrusion
is essential. This entails control over the chemical com-
position and, more importantly, its cleanliness.

In general, the cleanliness of aluminum alloys primarily
refers to the concentration of solid particle inclusions
(exogenous and intrinsic), dissolved hydrogen, and residual
elements to a lesser extent.” When the quantity of any of
these detractors exceeds a certain threshold limit, dictated
by the intended use of the product, they will lead to
unacceptable performance and early failure. Inclusions
have a significant influence on the properties of aluminum.
It has been shown that inclusion-rich metal results in lower
metal fluidity and feeding capability during casting, lower
mechanical properties, increased scrap rate, decreased
machinability, and poor surface finish. There are several
sources of these impurities, including the electrolysis pro-
cess during primary aluminum production, surface
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turbulence, pouring atmosphere, and the interactions
between the molten metal with alloying elements and
refractory materials. Melt quality can be controlled by the
removal of these elements and particles. Therefore, various
technologies have been developed over the past 40 years to
measure and remove these impurities.

The application of inclusion reduction techniques during
casting can help limit the size and amount of inclusions
remaining in the molten metal and its products. Such
advances include rotary degassing and fluxing as well as
ceramic foam and deep bed filtration. Advances in counter-
gravity casting and modeling have allowed for optimized
casting processes with minimal surface turbulence.
Nonetheless, the difficulty of quantifying cleanliness, dif-
ferentiating “clean” from “really clean” metal, has still not
been fully realized. Chemistry, concentration, and size
distribution of inclusions are particularly important to
producers of clean metal. Depending on the application, an
inclusion of 5-10 microns may be insignificant or the root
cause of a rejected casting.

This paper will review and compare current techniques and
methods of detecting and quantifying solid particle inclu-
sions. It will also discuss experimental techniques that
could be used to achieve the goal of in situ monitoring of
inclusion content.
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Inclusion Sources

Inclusions are defined as any exogenous solid- or liquid-
phase particles present above the liquidus temperature of
the molten metal matrix. Many kinds of inclusions can be
present in the melt, including furnace dross, salts, and
unmelted elements. The amount of unwanted particles in
molten metal can be substantial. As can be seen in Fig-
ure 1, a small concentration of inclusions can yield a high
number count. For example, 1 ppm of 40-micron inclu-
sions results in 4000 particles in one kilogram of metal.
Such particles can be exogenous or form in situ as seen in
Table 1. They can be further characterized by their com-
position, size distribution, morphology, and phase (Fig-
ure 2). The number of inclusions present depends on a
number of factors, including initial melt composition,
solidification rate, and pouring atmosphere.*™’

The most common inclusions in aluminum are oxide par-
ticles and films. They are most commonly formed by direct
oxidation in air or by reaction with water vapor:

3
2A1 + 5 0, — AlL,O3
2Al1 4 3H,;0 < 3H; + Al,O3

Eqgn. 1
Eqgn. 2

Oxides can also form via alumino-thermic reactions with
oxides of other metals, such as iron or silicon, contained in
tools and refractories. Aluminum and its alloys oxidize
readily in both the solid and molten states to provide a
continuous self-limiting film. The rate of oxidation
increases with temperature and is substantially greater in
molten than in solid aluminum. The reactive elements
contained in aluminum alloys such as magnesium, stron-
tium, sodium, calcium, beryllium, and titanium are also
factors in oxide formation. In both the molten and solid
states, the oxide formed at the surface offers benefits in
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Figure 1. Relationship between inclusion concentration
(number/kg) and particle diameter for varying concen-
trations."’
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self-limitation of further oxide growth. It also acts as a
barrier to hydrogen diffusion, another melt quality detrac-
tor. However, the low viscosity of liquid aluminum allows
for induced turbulence either by handling or pouring.
Surface turbulence results in the entrainment of oxide
particles and films.’ Al,O;5 films can also include oxides
such as SiO,, MgAl,O,4, MgO, and others depending on the
alloy."" Although oxide inclusions can sink, they often rise
too and remain at the melt surface.” The high surface-to-
volume ratio and poor wettability of oxide films in Al act as
driving forces for inclusions to remain close to a free
surface as well as cause their agglomeration.'?

Spinel inclusions arise from melting scrap as well as the
addition of magnesium to the holding furnace. MgO, due to
its lower free energy of formation compared to Al,Os,
tends to form preferentially in alloys with more than
0.5 wt% Mg. In addition, adding low purity Mg can create
spinels and non-metallics such as MgS and MgF,."?

Silicates can originate from the erosion of ceramic mate-
rials (used in the melting operation) as well as dissolved Si
reacting with the atmosphere. Refractory particles can
agglomerate and form  complex oxides like
AL,0;-Si0,-Ca0."* Carbides such as SiC and Al,C; often
come from pyrolyzed hydrocarbons in recycled aluminum
melts as well as residual coolants and oils in recycled
machining chips and pot cells primary in Al smelting.’
Nitrides can come from overly degassing with nitrogen gas
as well as the addition of magnesium as an alloying ele-
ment. MgzN, inclusions in the magnesium can react with
the aluminum to form AIN. Other particles such as MgF,
and MgS can appear in Al from sub-par magnesium.'”

Intermetallic compounds can arise from a variety of sour-
ces including residual elements (from smelting, melting
and remelting), alloying, and grain refining. For example,
grain refiners like TiB, and dissolved elements, such as Fe
and Ni, can create unwanted aluminides and borides. Pre-
cipitation of such phases is often only found in die casting,
where processing temperatures are lower than the melting
points of many intermetallics.®'®!”

Liquid-phase inclusions can also form in molten aluminum
due to fluxing or chlorinating. They are often in the form of
molten salts (CaCl,, NaCl, MgCl,, and KCl) and can also
contain fine fluoride particles (NaF, AlF;, and CaF,).!8:19

Effect of Inclusions on Properties

Solid inclusions remaining in the metal can result in a
plethora of product defects. Inclusions reduce mechanical
properties by acting as stress concentrators and allow for
cracks to form at their interfaces. This can lead to rapid
crack propagation, large crack paths, and ultimately early
failure. Properties such as elongation, yield stress, and
fracture toughness have been observed to decrease when a
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Table 1. Inclusions Observed in Aluminum Alloys

1,4,6-8,14,16—-19

Phase Morphology Size range (um)  Impurity elements also
commonly present
Oxides
MgAl,O, (spinel) Particles, films 0.1-5000 N, Na, K, Ca, Si, Zn and/or Fe
Al,O3 (corundum) Particles, films 0.1-5000 N, Na, Mg, Si, Zn, Fe, Ca, K, CI
and/or F
MgO Particles, films 0.1-5000 -
SiO, Particles, clusters 0.5-30 K, Ca, Na and/or Al
CaO Particles <5 -
Calcium silicates (Ca, Si, O) Particles, clusters 10-100 K, Na
Potassium silicates (K, Si, O) Particles, clusters 10-1000 Na, Ca, Al, Mg and/or Ti
Carbides
Al,Cs Particles, clusters 0.5-25 -
Al,O,C Particles, clusters 0.5-25 -
SiC Particles 0.5-5 -
Nitrides
AIN Particles, films 10-50 -
Borides
TiB, Particles, clusters 1-30 V, Zr, and/or Cr
AIB, Particles 0.1-3 -
Others
Chlorides and salts (CaCl,, NaCl, MgCl,)  Liquid droplets 0.5-1 -
Ultrafine gas bubbles (Ar, Ny)
Intermetallics (TiAlz, TiAl, NiAl, NizAl, etc.)  Particles, rods, clusters  10-100 -

high percentage of inclusions is observed on the fracture
surface. An inclusion contributing to 1 % of the fracture
area can cut elongation in half.?*~>* Fatigue properties are
also severely affected by the presence of inclusions.
Because they tend to act as crack initiators, fatigue life
curves typically decrease as inclusion content increases. In
addition, small inclusions, too small to act as crack ini-
tiators, will contribute to fatigue crack propagation.”® In
addition to being crack initiation sites, oxide inclusions can
act as heterogeneous nucleation sites for hydrogen pores.
This promotes voids and hydrogen porosity, further
reducing static and dynamic properties.***> With regard to
other properties, it has been well documented that inclu-
sions can negatively influence melt fluidity,®*” as well as
the machinability and surface finish of castings. In pro-
duction of aluminum sheet and foil, inclusions have been
known to cause holes and tears.?®

Cleanliness Measurement Methods
Metallography

Traditional metallography involves the physical examina-
tion of ingot slices to determine the presence and type of
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inclusions. The sample is cut, polished, and microscopi-
cally examined. The prepared surface can then be analyzed
in a variety of ways. Published standard comparisons exist,
but typically only for steels.”” This is mainly due to the
extremely low volume fraction of inclusions in aluminum
preventing the ability to differentiate between clean and
very clean metal. Charts also, at most, provide a semi-
quantitative measure of melt cleanliness.

The use of software-based image analysis systems makes it
possible to obtain quantitative analyses of inclusions.
Provided the image processor has a high enough resolution,
image analysis can quantify spatial distribution and clus-
tering of inclusions in addition to size distribution and area
fraction.’® There is a variety of statistical analyses that can
be performed to characterize features of inclusions.

Once scanned, the number of inclusions per unit area can
be counted. The degree of clustering of the particles can be
described by the standard deviation:

Eqn. 3
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Figure 2. Micrographs of typical inclusions in aluminum castings.’

Figure 3. A K-mold apparatus.®*

where “N,” is the observed number of particles per unit
area in a given field of view and “N,” bar is the average
number of inclusions per unit area in “n” fields of view on
the sample. If the inclusions are evenly distributed, the
standard deviation is small. If there is significant clustering,
standard deviation increases. To compare samples with
different concentrations or number densities, the coefficient
of variation (¢ normalized by N, bar) should be used.
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Area fraction can also be easily found by image analysis.
Similar to number density calculations, the standard devi-
ation and coefficient of variation for area fraction can be
determined. If the special distribution of particles is
homogeneous, then ¢ and the coefficient of variation are
small. Nearest neighbor subdivision of the sample surface
into a grid, or creating a Dirichlet tessellation, can analyze
spacing and spatial distribution.>!

In addition to physical characteristics of inclusions, each
particle can be analyzed chemically via energy-dispersive
spectroscopy (EDS) in an electron microscope. The com-
bination of particle chemistry, concentration, and size
distribution allows for a complete understanding of the
inclusions present in a casting process.

Metallography of melt samples can give an excellent view
into the nature of inclusions present, but it is limited in
several ways. Because samples need to be taken from the
melt, and because preparing and analyzing each sample
requires some time, this method only yields a small sample
size. Although image software and other tools exist to
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Figure 4. Schematic of the X-ray transmission process. The differences
between I, and I, result in contrast between two phases.>®

make analysis easier, there is still a delay between taking
the sample and obtaining results. In addition to time,
metallography only looks at a cross section of the sample.
The small amount of metal that can be analyzed cannot be
fully representative of a large casting. The size and mor-
phology of inclusions present cannot be fully realized
because only a small area is examined, forcing researchers
and technicians to quantify the amount by square mil-
limeter of inclusions per kilogram of melt.** Nonetheless,
certain facets of the size distribution of particles in the bulk
melt can be predicted. The methods of predicting the lar-
gest inclusion in a large volume of metal is well described
and documented in a review paper on clean steels by
Atkinson and Shi. Such methods include extrapolation of
the size distribution function, statistics of extremes, and
generalized Pareto distributions.?

K-mold

Metal cleanliness has often been assessed by determining
their mechanical properties; hence, fracture tests have also
been used for inclusion assessment. The most well-known
fracture test for aluminum is the K-mold test, invented by
Sanji Kitaoka at the Nippon Light Metal Ltd in 1973.%
Liquid aluminum (approx. 400 g) is poured into the mold
and produces a small casting consisting of a flat plate with
four notches that acts as fracture points. A K-mold appa-
ratus is seen in Figure 3.

The K-mold test involves casting one or more of these
notched plates. The plate is then broken at each notch. The
surfaces are examined either by eye or a microscope. The
presence of large inclusions or inclusion clusters will
induce failure. Oxides are readily detected on the fracture
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Transducer

Figure 5. A schematic of the basic principles of ultra-
sound. An inhomogeneity, such as an inclusion, will
reflect the transmitted pulse back to the surface.

surface due to their visual difference in contrast compared
to the fine aluminum matrix produced by rapid solidifica-
tion in the K-mold.

The cleanliness level of different pots can be evaluated by
comparing the number and size of inclusions on the frac-
ture surface. The visual observation of inclusions on the
fracture surface is used to determine a K value for the batch
and compared to a preset standard. This value is calculated
as:
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Figure 6. Porous disk filtration apparatus.®’

k=2
n

Eqgn. 4
where “K” is the K-mold value, “n” is the number of
examined samples, and “s” is the total number of inclu-
sions found in n pieces.>

The main advantage of a K-mold is that it allows for easy
characterization of the larger inclusions and is good for
real-time testing of macroscopic defects (coarse inclusions,
gross oxides, and gas bubbles). However, the volume tested
is a small part of the bulk and the statistical evaluation of
the results is difficult. As a result, this method is not as
sensitive for very clean melts and is accurate only for large
inclusions.

X-ray Radiography

X-ray radiography is a standard non-destructive technique
for determining casting quality. In addition to detecting
inclusions and pores, radiography is used to find other
flaws such as internal cracks, shrinkage, confluence welds,
and hot tears. Radiographs of a sample (or the entire cast
part) are analyzed with respect to standardized images
(ASTM E155-10). The basic operating principle of radio-
graphy involves how certain solid phases absorb X-rays
differently. As an X-ray travels through matter, the way it
interacts with the material depends on the material’s
refractive properties. An example schematic displaying the
concept is seen in Figure 4. If two phases are present in the
material analyzed, there will be a difference in attenuation
leading to image contrast.

Although radiographs allow for detection of inclusions as
well as morphology and relative position in castings, it is
limited by its inability to generate three-dimensional ima-
ges and determine particle chemistry. The process is also
lengthy and is typically used to analyze parts once they
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have been cast. Even then, there are limitations with
respect to casting thickness. The ability of X-rays to
transmit through metal is a function of its thickness. Thick
sections of castings cannot be fully interrogated, unless
high-energy X-ray sources are used. As a result, only
defects larger than 50—100 microns can be detected unless
microradiography on small, thin samples is used.*®

X-ray Tomography

X-ray tomography (XRT) is a more advanced use of
X-rays. First used for medical applications, 3D visualiza-
tion of microstructures by XRT has been successfully
performed for many other metallurgical studies, such as
Pb-free solder joints, powder metallurgy steels, and metal
matrix composites. By analyzing radiographs taken around
a single axis of rotation, cross-sectioning images can be
compiled to create a 3D image. This eliminates cross-
sectioning and allows for superior resolution and image
quality with minimal sample preparation. This method
requires high-energy, monochromatic X-rays to form the
3D composite image.

Images generated can have a similar resolution to that seen
in metallographic samples. Since the sample does not have
to be cut and polished, analysis time can be reduced. With
proper imaging software, the morphology, size distribution,
position, and volume fraction of inclusions can be accu-
rately determined within the sample.*’~*° Because different
phases will have different X-ray absorption coefficients,
chemistry of inclusions can be determined in principle.
However, in practice, the small difference between X-ray
absorbance coefficients of most oxides prevents XRT from
being used as a reliable method for inclusion identification.
One drawback to tomography is the small sample size
(similar to metallography). Even with a decreased sample
preparation time, many samples must be taken to get
meaningful statistics on cleanliness in the bulk melt.
Another drawback is the cost of tomography; at present, it
is more of a laboratory-based detection method.

Ultrasound

Ultrasound has been widely used to probe substances via
pulsed sound waves. Once such technique used for
microanalysis is scanning acoustic microscopy (SAM).*°
Similar to sonar, a sound pulse is generated by a transducer
toward the sample surface. The pulse then propagates into
the bulk of the sample. When the pulse encounters a feature
(like the inclusion in Figure 5), a portion of the pulse is
reflected back. The reflected signal, read by the transducer,
will contain a transient peak whose magnitude will corre-
spond to the size and shape of the feature. The probe scans
over the entire sample area to generate the acoustic image.
Depending on the mechanical and acoustic properties of
the matrix and internal features, certain amplitudes will be
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reflected. This allows SAM to detect features such as phase
and grain boundaries, voids, pores, cracks, and inclusions.

For solid materials, sound pulses in the MHz and GHz
range are used. In a study on 319 aluminum by Meav et al.,
microstructural features such as eutectic Si, shrinkage
porosity, and dendrite arms were observed. For resolution
on the order of 50-100 microns, only a penetration depth of
a few millimeters was possible.*® Although SAM has a
resolution comparable to optical microscopy without the
need for sample preparation, the fact that penetration is
limited depending on the desired resolution is the main
drawback for this technique.

The same principles can be applied to molten metal. In situ
ultrasound has been explored as early as the 1960s by
Pitcher and Young and was further developed by Alcan,
Alcoa, and Reynolds Aluminum throughout the
1980s.'*#'=*> More recently, using research by Mountford
and Sommerville at the University of Toronto, an ultra-
sonic probe to detect and measure inclusions in liquid
metal was developed by Metalvision Manufacturing
Canada Ltd.** The probe, marketed as the MV20/20, has
separate transducers to emit and collect sound waves. The
transmitter pulses at a rate of 100 Hz allows for thousands
of measurements to be taken in minutes. Because the
transmitter and receiver are at an angle to each other, there
is an effective sensing zone within the molten metal. This
size of this region is not reported in the literature.
Metalvision produces portable models and systems that can
be integrated for crucibles or a launder system. The MV20/
20 outputs three pieces of information: (1) largest particle
size, (2) number of particles, and (3) a qualitative

cleanliness value. The amplitudes of the reflections from
particles in the metal determine inclusion size. However,
the machine can only detect particles between 20 and
160 pm due to factors such as signal to noise and the slow
degradation of the probe materials. The number count of
inclusions is given per 1000 measurements. In a compar-
ative industrial trail reported by Metalvision, the MV20/20
cleanliness values correlate well with PODFA results.*>**°

Filtration Methods

Pressure filtration works by forcing a molten aluminum
sample under pressure through a fine filter, which traps
inclusions. The inclusions are concentrated 5000-10,000
times on the filter surface, which can then be analyzed
metallographically. Although samples taken from the melt
are relatively small (1-2 kg), concentration of inclusions
offers reliable, industrially accepted results.*” There are
several industrial measurement devices that are all based
upon this principle, including PoDFA, LAIS, Prefil Foot-
printer, and Qualiflash; these are reviewed below.

PodFA

The porous disk filtration analyzer (PodFA) (Figure 6),
manufactured by ABB Inc., is a shop floor technique in
which 2 kg of melt is ladled into a preheated crucible. The
unit draws the molten sample through a small ceramic filter
using a vacuum; this traps the inclusions for later analysis.
The test is stopped when approximately 1.5 kg of the metal
has been filtered. Since the filter disk must be sliced for
study, the concentrations of inclusions are given in mm?/kg
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Figure 7. Schematic of a LAIS apparatus.’®
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of melt. A number count of inclusions per kg of metal can
also be tabulated. A curve generated during this test shows
the filtration rate, which can also be used as cleanliness
metric with PodFA.*® Metallographic analysis results in a
classification of inclusions (MgO, spinels, borides, car-
bides, etc.).

Although this test is inexpensive to set up, it has several
disadvantages. Samples are time-consuming to gather and
expensive to analyze. Results will not be available for at
least 24 h and can take up to 5 days. As a result, PODFA is
often used to optimize a process and/or to distinguish very
dirty metal (>1 mm?kg) and relatively clean metal
(<1 mm2/kg).32’48

LAIS

The liquid aluminum inclusion sampler (LAIS), developed
by Union Carbide, is similar to PodFA but with a more
direct sampling method.*® As seen in Figure 7, the
apparatus is submerged within the melt. The molten metal
is then pumped through a sampling cup with ceramic frit.
Once the steel tube to the vacuum pump is filled, the
assembly is placed on a chill block to allow for unidirec-
tional cooling. A typical LAIS sample is a 1.7 in. by 0.7 in.
cylinder. Once removed, it is then microscopically ana-
lyzed. Like PodFA, the units for inclusion content are
mm?/kg.”' The advantage of this procedure is that it sam-
ples directly in the melt and can be manipulated to take
measurements at different depths and locations.

Prefil Footprinter

The Prefil Footprinter, like PODFA and LAIS, forces a melt
sample through a small filter (Figure 8a). It then measures
the flow rate as a metric for metal quality. A fixed volume

Figure 8. (a) A Prefil Footprinter in
Footprinter.>*
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of metal is poured into the test crucible and filtered at
approximately 10-12 psi. A load cell in the collector mold
determines the mass flowing through as a function of time
(Figure 8b). The shape of the curve is dependent on the
mixture of inclusions present. Very clean metal flows
quickly giving a steep, straight line in the output graph. The
software allows the fluidity curve generated to be com-
pared with previous data and standards developed by the
manufacturer. If necessary, the filter can be examined
metallographically.'® Although the Prefil gives a quick
readout, it is highly dependent on sampling technique of
the user, melt temperature, and gives only a semiquanti-
tative view of melt cleanliness. Concentration and size
distribution cannot be directly determined from a flow rate
curve.

Qualiflash

The Qualiflash technique, like Prefil, uses the mass of
metal passing through a filter as a means of assessing
cleanliness (Figure 9a). A fixed volume of melt is filtered
through a ceramic disk and poured into a 10-stepped ingot
mold. The dirtier the melt, the fewer steps filled. The end
result is a cleanliness rating based on the number of steps
filled known as the Q level (Figure 9b).** Like the Prefil, it
yields a quick result, but is highly dependent on sampling
technique, melt temperature, and gives only a semiquan-
titative measurements.

Centrifugation

Using a hot centrifuge to analyze particles in metals has
been used as early as the 1950s. By taking advantage of the
differences in density between inclusions and the metal
matrix, the particles can be concentrated and analyzed
similarly to pressure filtration techniques. As derived by

Clean Dirty

Time (sec)

use; (b) Example of data from a Prefil
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Figure 9. (a) A Qualiflash apparatus in use; (b) An example of data gained from

Qualiflash.>®

Siemensen, the smallest possible particle to reach the
bottom of the spinning crucible has a defined size:

45n, 1n (—) 12

d = Eqn. 5
862 (0 — o) (1 = 57) !

where n—uviscosity coefficient of the liquid at time
t ~ 0.2(T(¢t) — Ty) >, rg—distance between the axis of
rotation and the bottom of the melt, r—distance between
the axis of rotation and the top of the melt, g—gravitational
acceleration, a—relative speed of the particle to that of a
sphere with the same volume, f—rotational frequency,
pp—density of a particle, pp;—density of the melt, —time,
T—time to reach rotational frequency f.

Siemensen found, in centrifuge experiments on molten
aluminum, inclusions down to 0.5 um could be forced to
the bottom of the crucible. In addition to inclusions, both
stable and unstable intermetallics are also forced to the
bottom and can be analyzed using standard metallographic
techniques.'® Although centrifugation is a relatively simple
way to concentrate inclusions, the sample size is quite
small. Experiments using this technique have analyzed
samples ranging from 100 to 200 g.'®>*

Electrochemical Dissolution

The use of acid etchants has been used extensively in
metallography to dissolve the matrix and retain inter-
metallic and other secondary phases. The same approach
can be used to analyze inclusions by using a strong acid
(HCI, HF, or HNO3) to completely dissolve the metal
matrix. The oxides will, in principle, not dissolve. The
particles remaining in solution can be analyzed by a
Coulter counter.'” Particles can then be filtered out and
analyzed on the microscope or by X-ray diffraction.’®
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However, complete dissolution is quite lengthy. Siemensen
found that it took approximately 7 min to dissolve 20 g of
Al-5 %Ti-1 %B at room temperature using a 20 % HCl
solution. Assuming the dissolution rate is constant, it would
take approximately 6 h to dissolve 1 kg of the same metal.
In addition, undissolved and partially dissolved inter-
metallics as well as surface oxides will skew particle size
results in the Coulter counter. Because of the time required
and delicate nature of this method, it can only be performed
in the laboratory.

Electrical Resistivity

Another method that is common in the metals processing
field is the use of electrical resistivity to sense inclusions,
similar to that of a Coulter counter for aqueous solutions.
In work done by Doutre and Guthrie in the 1970s and
1980s, technology was developed that allowed molten
aluminum to be drawn through a small aperture in the
presence of a large DC current. Because inclusions are non-
conductive, the resistances through the aperture increases
as particles pass through. Because the voltage measure-
ments taken are proportional to the size of the inclusions,
and that the amount of liquid drawn through could be
quantified, a real-time volumetric distribution of particles
could be measured.”® A schematic of this process can be
seen in Figure 15. The LiIMCA (liquid metal cleanliness
analyzer), marketed by ABB Inc. and currently on its third
generation, is the most widely used embodiment of this
technique.”®

The LiMCA probe consists of a quartz tube with a small
orifice approximately 300 pm in size. As show in Fig-
ure 10, electrodes are placed inside and outside the tube.
Liquid metal is drawn through the orifice to collect data. A
typical sample volume is approximately 7.5 mL (17.5 g).
The length of the tube is fixed, and therefore, the sampling
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Figure 10. Schematic of a LiMCA apparatus.>®

position is fixed. However, longer quartz tubes, allowing
for deeper sampling, have been developed for experimental
purposes.”

The resolution of LiMCA is limited by the background
electrical noise and the orifice diameter. In general,
LiMCA can theoretically capture particles between 20 and
300 pm. In practice, a particle range of 20—-100 pum is more
common as orifice holes may become easily blocked.'® It
has been estimated that as many as 60 % of the total
inclusions in a given melt may remain undetected.”’

Reduced Pressure Test

The reduced pressure test (RPT) provides qualitative and
semiquantitative information of overall melt cleanliness. A
molten sample of 100-200 g is solidified under a reduced
pressure of 26 mmHg. As a result, formation and growth of
hydrogen pores is significantly enhanced because of the
decrease in hydrogen solubility with respect to pressure.>’
The solidified sample can be analyzed in a number of ways.
The most qualitative method is to section the RPT sample
in half and examine the cut surface for pores. Another
common method is to measure the sample’s density.

If one assumes that a certain fraction of inclusions can be
nucleated on or concentrated by the gas pores, then the
RPT may also be able to qualitatively provide information
on melt cleanliness. Visual comparison charts are used to
give an estimate of the overall melt cleanliness. A low
number of pores imply a cleaner melt. However, RPT
measurements are highly sensitive to many variables,
including sampling turbulence, chamber vacuum pressure,
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Figure 11. Schematic of Makarov’s voltage probe. The
gray particle induces a positive and negative potential
across the probe array. The distance | is related to the
size of the inclusion.
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vibration, and solidification rate.’® Work has been per-
formed on developing a statistically optimized procedure to
increase data reliability. It was found that turbulence dur-
ing sampling had the largest variation in results.”

Multiple Voltage Probe Sensors

In the early 2000s, Makarov et al., developed a sampling
scheme to detect inclusions in liquid aluminum via a
voltage probe array (Figure 11). They proposed a sensor
that consisted of a flat plate with evenly spaced voltage
electrodes. By applying an electric current through the
conductive aluminum, the non-conductive inclusion could
be mapped by the probe array.®®

If an inclusion passes by the array, two peaks would appear
on the sensor, one the inverse of the other. It was found that
the voltage peak magnitude, “¢’ ..., is related to particle
radius “r” by the relation:
4 jr

/
¢ =—="—> Eqn. 6

max 3 \/g 0'12
Here, “I” is the distance between peaks on the voltage
sensor, “j” is the applied current density through the
molten metal, and “o” is the electrical conductivity of the
metal %

It was found that the experimental sensor could detect
inclusions from 100 to 1000 pm in size.®® Although it may
not achieve the same sensitivity as a Coulter counter sys-
tem, a voltage probe may be less expensive to implement
since it does not require an aperture or vacuum pump to
draw in liquid for sampling.

Electromagnetic/Optical Sensing
Also proposed by Makarov et al., was a method to con-

centrate inclusions to a free surface through Lorenz forces.
By applying a DC current between two electrodes in a
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Table 2. Comparison of Measurement Techniques

10,16—18,23,32-34,42,59,62—-64

Method Test Estimated Estimated Measurement unit Inclusion Chemistry?
locale analysis time sample size size?
Metallography ~ Laboratory 4-10 h 520g mm?2/kg Yes Yes
K-mold Floor 2-3 h 1-2 kg Rating No No
Qualiflash Floor/laboratory 2-3 h 1-2 kg Rating No No
Prefil Floor 2-3 h 100-1000 g Fluidity curve No No
PodFA Floor/laboratory Days 1-2 kg mm?/kg Yes Yes
LAIS Floor/laboratory Days 500 g mm?/kg Yes Yes
Hot centrifuge Laboratory 4-10 h 100-200 g mm?2/kg Yes No
LiIMCA Floor 5-10 min 1.5 kg # of particles/kg Yes No
Voltage probe Floor 5-10 min Unknown Volume fraction Yes No
Ultrasound Floor 5-10 min Unknown # of particles per Yes No
measurement
X-ray Floor or laboratory 4-10 h Almost any size mm?2/kg Yes No
radiography
X-ray Laboratory 4-10 h 100-500 g Volume fraction Yes No
tomography
Chemical Laboratory 4-10h 20-100 g Volume fraction Yes No
dissolution
Reduced Floor 5-10 min 100-200 g Rating No No
pressure test
. E
7d
£8
E i
29
E3
— § X-Ray
5= £ Ultrasound Radiography
e} =]
-
-
a
c _ PoDFA
S ac LAIS
(]
S < 5 Prefil
25 X-Ray Centrifugation
-3 Tomography
G Metallography
2E
3
i
0.1h 1h 10h 100 h
(Short) (Long)

liquid metal matrix, and a magnetic field perpendicular to
the current, a Lorentz force is then applied on the metal.
Any non-conductive inclusions would then be forced in the
opposite direction to the Lorentz force due to Newton’s

Sample Prep & Analysis Time (Approx.)

Figure 12. Qualitative comparison of inclusion detection methods with respect to

inspection time and detectable range of inclusions.
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10,16—18,23,32-34,42,59,62—-64

third law. The electrodes can be arranged to force inclu-
sions to a free surface, where they can be measured visu-
ally. This method was able to detect particles down to
10 pm in size and take 200 samples (within a sampling
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volume of 2 cm3) per minute. 3! However, the surface
tension of liquid aluminum prevents inclusions from
breaking the melt surface. This can be addressed by pulling
apart the oxide layer with rotating drums or by mechanical
vibration.

Summary of Liquid Metal Inclusion
Measurement Techniques

A summary of the most common methods of measuring
inclusions in terms of sensing volume, type of information
obtained, duration of analyses, and advantages and draw-
backs is displayed in Table 2 and Figure 12. Most inclu-
sion measurements are given in the measurement units of
area per volume or kilogram of metal. Although techniques
like LiMCA, ultrasound, and X-ray tomography have the
capability of generating volume per volume measurements,
they are cost-prohibitive and/or unable to effectively probe
large quantities of melt with high enough resolution. It can
be seen that no single technique is capable of describing all
the information needed to assess inclusions—chemistry,
concentration, and size distribution. An appropriate com-
bination of methods is required to reach these goals. The
time required of analysis, from sample gathering to mea-
surement, can vary from a few minutes to several days.
Further, there are few methods by which a large spectrum
of inclusion sizes can be quickly detected.

Spectroscopy as a Tool

In situ floor methods that give an analysis of more than one
facet of inclusions do not widely exist. In the metals pro-
cessing field, there has been significant interest in the use
of laser-induced breakdown spectroscopy (LIBS) as a tool
for bulk chemistry measurement. Similar to conventional
spark optical emission spectroscopy (OES), LIBS uses a

Laser Beam is Transmitted
to the Probe with this
Fiber Optic Cable

Light Emitted
from Spark Returns
via this Fiber

Optic Cable

Figure 13. Schematic of LIBS for use in molten metal
(Melt Cognition LLC).
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short laser pulse to form a plasma on the metal surface. The
elements present in the plasma emit characteristic EM
radiation, which is collected and processed by a spectro-
graph. Because the sample interrogated is vaporized, LIBS
is technically a destructive test. However, the volume
sampled is on the order of 107310 107> cm3, which results
in a very small sample size even if thousands of mea-
surements are taken.®> Other relevant advantages over
other atomic emission techniques include: (1) LIBS can be
applied to both conducting and non-conducting materials,
(2) sample preparation is not necessary, (3) only an optical
line of sight is required for measurement, and (4) mea-
surements are taken in seconds.

Because only a direct line of sight is needed, LIBS is
attractive for interrogating materials in extreme environ-
ments, including liquid metal. LIBS has been successfully
used for monitoring dissolved elements such as C, Cr, Cu,
Mn, and Ni in molten steel.’*®” More recently, it has been
applied to aluminum alloys to monitor Si, Mg, Fe, Mn, and
other alloying elements.®®*®” As shown in Figure 13,
developed probes for LIBS in molten metal typically use a
ceramic lance with an inert gas stream to form a bubble at
the end. The bubble allows for a constant, fresh surface of
metal for the laser to interrogate. Fiber optic cables trans-
mit the incoming laser pulse and outgoing light from the
spark. Several probes have been developed by Rai, Lucas,
and De Saro that apply this principle.””’* An example of
one system is shown in Figure 14.

In addition to determining melt chemistry, LIBS could also
be used as a means of detecting inclusions. Because of the
small size of inclusions and the presence of convection in

8-

18-

Figure 14. Experimental LIBS probe (with furnace)
developed by the Energy Research Company.”

International Journal of Metalcasting/V olume 10, Issue 3, 2016



(o]
[ Intensity
Bubble . Volume Ablated by Laser
Atmosphere —> |
(Inert) . /
|
MgO Particle
Al,O, Particle
Background Noise
Shot Number
B
Mg
ShOt B Intensity
b
|
|
Dissolved Mg
» Shot Number
A B

Figure 15. Example of LIBS acquisition for oxide particles in molten metal.

resistance and induction furnaces, particles are constantly
moving throughout the melt. If an inclusion is present
where the metal sample is vaporized, the spectrum will
reveal its presence and chemistry. As illustrated in Fig-
ure 15, the oxygen peak in the spectrum will vary
depending on whether an inclusion is present within the
plasma. If an oxide is present, then the concentrated
amount of oxygen atoms within the particle will create a
spike in oxygen signal observed by the laser. In addition, if
an MgO particle is ablated by the laser pulse, both a spike
in Mg and O signal will be observed, allowing for differ-
entiation between inclusions of different chemistries. In
principle, the size of the elemental intensity spike from a
particle “hit,” is proportional to the size of the particle. A
large oxide inclusion would emit a higher oxygen signal
than a small inclusion.

Similar work has been done on determining the presence
and chemistry of inclusions in solid steel samples via sta-
tistical evaluation with OES.”*""® In work done by Pande
et al., OES with pulse discrimination analysis was used to
assess the concentration of Al,Os inclusions in ultralow
carbon steels. They found that an aluminum-containing
particle with yield significantly higher Al signal than the
bulk metal. Signal from dissolved Al will follow a Gaus-
sian distribution, while signals contributing to particles fall
out of the distribution. Sabsabi et al. have found similar
results on magnesium alloys and were able to achieve
elemental mapping on solid samples.”® No work to date has
been performed on aluminum.
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In molten metal, particles are attracted to free surfaces due
to their high surface-to-volume ratio and poor wettability.
Because the LIBS probe forms a free surface through a
bubble of inert gas, inclusions may naturally gravitate
toward it. Hudson et al. examined the possibility of using
LIBS to sense inclusions in liquid aluminum. By bubbling
air into liquid Al and subsequently adding clean metal, it
was found that oxygen intensity varied with metal clean-
liness (Figure 16). Thus, it was concluded that, to a first
order, LIBS could differentiate between relatively clean
and dirty metal.”® In similar experiments with SiC particles
in molten pure aluminum, a linear relationship was
observed between average Si signal and SiC volume frac-
tions of less than 0.006 % (Figure 17). This is similar to
typical concentrations of oxide inclusions.*

Because of the discrete nature of inclusions in the melt,
parameters such as average particle concentration, size dis-
tribution, laser repetition rate, and sampling volume must be
taken into account. Sampling statistics must be considered to
answer such questions as: (1) How many particles must be
sampled to determine a representative measurement and (2)
can accurate inclusion concentration values be determined
with relatively clean aluminum (<1 ppm)?

Hahn and colleagues have carried out extensive work on
the nature of LIBS sampling for discrete nanoparticles in
aerosols. By knowing the sampling volume as well as the
concentration of the element in the particle, Hahn derived
that the overall particle size can be expressed as:
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Here, “C;” is the equivalent mass concentration of the
particle and “f” is the mass fraction of the elemental signal
with respect to the overall inclusion mass, “V” is the
effective sampling volume, and “p” is the particle density.
For a homogeneous particle (an Fe particle, for example),
“f’ is equal to one. In experiments done with metal par-

ticles in gas streams, it was determined that at least 20

Eqn. 7
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particle hits were required to obtain a representative mea-
sure of the particle concentration and size distribution.
Successful LIBS measurements of CaO particles in aerosol
streams were achieved for concentrations of <I ppm.®'*
Therefore, in principle, the particle size of inclusions can
be determined by calculating the concentration of oxygen
signal in each laser measurement.

Conclusion

The drive to achieve cleanliness in aluminum and its alloys
had resulted in a plethora of techniques focused on
assessing and quantifying the number of inclusions present.
The state of the art with respect to inclusion detection in
aluminum and its alloys has been reviewed. These methods
include:

Optical microscopy

Ultrasound (solid and liquid state)
X-ray radiography and tomography
Electromagnetic sensing

Fracture tests

Reduced pressure tests

Filtration and centrifugation
Chemical dissolution

The key limitation with current methods is that they are
unable to quickly determine chemistry, concentration, and
size distribution of inclusions within the molten metal. The
concept of using in situ laser-induced breakdown spec-
troscopy (LIBS) as a means of detecting and quantifying
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inclusions has been presented. Ongoing experiments have
shown that this new technique shows promise, but more
research is required to analyze multi-element inclusions,
determine optimal sampling schemes, and develop proper
procedures for calculating particle size from concentration.
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